Diagnostic Definitions
The American Diabetes Association and International Society of Pediatric Adolescent Diabetes place CFRD under the diagnostic heading 'Other specific types of diabetes; diseases of the exocrine pancreas'. The diagnosis of CFRD is confirmed by the presence of fasting or random hyperglycemia or a diabetic oral glucose tolerance test (OGTT). Standard OGTT categories were modified by the 1998 North American CFRD Consensus Committee to differentiate diabetes with and without fasting hyperglycemia ( table 2 ) , based on the suggestion that the prognosis may differ between these 2 groups in CF [8, 9] . A further diagnostic category has been proposed as: 'indeterminate' by the North American CF Consensus Conference in 2009. This category is currently defined as NGT by fasting and 2-hour OGTT glucose determination, but mid-OGTT glucose concentrations 6 200 mg/dl (11.1 mmol/l) or postprandial hyperglycemia determined by continuous glucose monitoring (CGM) in the absence of symptoms.
CFRD falls at 1 end of a spectrum of progressive glucose tolerance abnormalities. Few CF patients have completely normal glucose tolerance (NGT) at all times. The earliest change is variable, intermittent postprandial hyperglycemia followed by impaired glucose tolerance (IGT), diabetes without fasting hyperglycemia and diabetes with fasting hyperglycemia. Isolated impaired fasting glucose is rare in CF, and patients tend to maintain a normal fasting glucose concentration long after their postprandial or 2-hour OGTT glucose is in the diabetic range.
There may be considerable fluctuation in the degree of glucose intolerance; this varies from individual to individual and relative to the degree of insulin insensitivity. 
Pancreatic Pathology
Abnormal chloride channel function in CF results in thick viscous secretions causing obstructive damage to the exocrine pancreas with progressive fibrosis and fatty infiltration. A possible mechanism for the abnormal glucose homeostasis and pathophysiology in CFRD is depicted in figure 2 . This results in disruption and destruction of islet architecture leading to loss of endocrine-␤ , -␣ and polypeptide cells. The correlation between the degree of ␤ -cell destruction and development of diabetes is poor, and postmortem studies have not shown a greater loss of pancreatic islets in patients with CFRD compared to those with normal glucose tolerance. Islet amyloid polypeptide (IAPP) deposition, which is characteristic of T2D, was found on autopsy in 69% of the CF patients with CFRD, while it was absent in those without diabetes [23] . This suggests a common pathologic mechanism between CFRD and T2D in that ␤ -cell failure predominates.
␤-Cell dysfunction does not appear to be related to autoimmune disease in CF. While one study reported a high prevalence of T1D-associated autoantibodies in CF patients both with and without diabetes, these data have not been verified by other investigators [20] . Isolated case reports of autoantibody-positive individuals with CFRD suggest that there may be occasional patients with coexisting T1D [20] . Glucose tolerance categories in CF patients at the University of Minnesota, expressed as percent prevalence within age groups. n = Total number of patients studied within that age group (from Hardin and Moran [6] ).
The insulin insensitivity in CF patients is often variable and dependent on changing infectious status, medications and nutrition. Someone with CF who has overt diabetes during an infective exacerbation may return to NGT weeks or months later [9] .
Incidence and Prevalence
The incidence and prevalence of glucose intolerance and CFRD in patients with CF is rising and higher than any other age-matched group including the Pima Indians [10] . An age-dependent incidence of 4-9% per year was found in Denmark [11] . The reported prevalence of CFRD varies depending on the monitoring and diagnostic criteria, and may be underestimated at centers which do not perform universal monitoring on all patients. While it can occur at any age, CFRD prevalence clearly increases as patients get older. Young age does not, however, preclude a diagnosis of CFRD. There are isolated case reports of infants with CFRD; in the USA 9% of the 5-to 9-yearold and 26% of the 10-to 20-year-old CF patients were reported to have CFRD [12] ( fig. 1 ). In Denmark, where all children with CF undergo annual OGTT, 50% of the patients developed CFRD by 30 years of age [13] , and in the USA this may be as high as 70% by the age of 30 years [14] .
The European Epidemiologic Registry of Cystic Fibrosis reported a 5 and 13% prevalence in the age groups 10-14 and 15-19 years, respectively [15] . A recent prospective trial from Ireland found similar prevalence figures: NGT 69%, IGT 14% and CFRD 17% in the 10-19 years age group [16] . Repeated OGTTs have shown that the glucose tolerance status can vary from year to year in CF patients [11] .
Pathophysiology of CFRD

Genetics of CFRD and Relation to the CF Mutation
CFRD mainly occurs in people with CF mutations that are associated with severe disease (c.Phe508del) and are related to exocrine pancreatic insufficiency [17] [18] [19] . There does not appear to be a correlation with known T1D susceptibility genes such as HLA class II [20] or insulin VNTR [17] , but a possible link has been described between CFRD and T2D susceptibility genes associated with inflammation such as the genes encoding tumor necrosis factor [20] , heat shock protein [20, 21] and calpain 10 [22] . 
The Role of Insulin Deficiency
The primary defect in CFRD is severe but not absolute insulin deficiency. Virtually all exocrine insufficient patients with CF, with and without diabetes, show evidence of ␤ -cell dysfunction [9, 11] . Fasting insulin and C peptide concentrations may be normal, but there is delay and blunting of peak insulin secretion during a standard OGTT. The time to peak insulin secretion is 90-120 min in people with CFRD compared to 30-60 min in healthy subjects. This effect is more pronounced with worsening glycemic status. Delayed insulin secretion during the OGTT is related to loss of first-phase insulin secretion, which is found even in CF patients with normal glucose tolerance [24] .
The Role of Insulin Insensitivity
In CF patients without diabetes, insulin sensitivity has been reported as normal or decreased [9, 25] . These differences are most likely related to the underlying state of health of the individual patient, since infection and inflammation influence insulin sensitivity [26] . CF patients with diabetes have been reported to be insulin insensitive, including both decreased peripheral glucose uptake and poor insulin suppression of hepatic glucose production [9, 27] . While insulin insensitivity is generally modest in CF patients who are in their baseline state of health, it can become acutely severe during infectious exacerbations. Insulin insensitivity is not as important as insulin deficiency in the development of CFRD [27] .
Box 1: Key Points on CFRD
• CFRD is a rapidly growing area of importance for CF children and adults.
• CFRD is the most common comorbidity in persons with CF, with a prevalence of about 50% by 30 years of age.
• CFRD is generally insidious in onset, and thus screening is necessary. Routine annual OGTT is generally recommended. CGM can detect abnormalities earlier than the OGTT, but the clinical significance of these early changes is unknown.
• CFRD is predominantly an insulin deficiency state. Insulin deficiency leads to protein catabolism, weight loss, pulmonary function decline and early death from lung disease. Clinical decline can be seen 2-6 years prior to the diagnosis of diabetes.
• CFRD is associated with increased morbidity and mortality once CFRD is diagnosed.
• Early intervention with insulin has been shown to reverse clinical deterioration, even in persons with CFRD without fasting hyperglycemia. 
Survival and Prognosis
Increased Mortality in CFRD
The presence of CFRD is associated with worsening lung function, poorer nutritional status and decreased survival compared to CF patients without diabetes [5, 9, 15, [28] [29] [30] [31] [32] [33] . In a retrospective study of 448 patients with CF followed for 10 years, 25% of those with CFRD were alive at 30 years compared to 60% of those without CFRD [28] . Prospective Danish data found that patients with CFRD had a median survival age of 24 years as compared to 34 years in nondiabetic controls with CF [15] . In the UK, diabetes was associated with significantly worse lung function in women but not in men with CF [34] . Concerning data demonstrate a marked gender difference in survival in CFRD. Of 1,081 CF patients followed for 15 years at the University of Minnesota, the median survival was 47-49 years for male and female subjects without CFRD, and this was reduced to 31 years for female subjects with CFRD, not seen in males [2] ( fig. 3 ). The lack of gender differences was confirmed by a large prospective French cohort (n = 237 children with CF) following participants for 17 years after initial assessment [35] . This study showed that early impairment was associated with lower survival rates and higher rates of lung transplantation regardless of gender [35] . Recent follow-up data presented at the American Diabetes Association from Minnesota have identified that these survival gender differences do not remain at 10-15 years follow-up [36] .
Increased Morbidity in the Prediabetic State
Several studies have shown that an insidious decline in clinical status occurs 2-6 years before the diagnosis of CFRD [5, 28, 29, 31, 32] . In a prospective study, the decline in pulmonary function over 4 years was greatest in CF patients with diabetes; this was less so in IGT and the least in patients with NGT [5] . Pulmonary deterioration correlated with the degree of insulin deficiency at baseline. This was supported by a recent trial from the UK; however, this study confirmed that the decline in BMI and lung function was more pronounced in those with younger-onset CFRD compared to diagnosis at an older age [37] . This study also highlighted that those who developed CFRD 6 years earlier were twice as likely to need oral nutritional supplements and 4 times more likely to require enteral feeding [37] . Given the known association between protein catabolism, malnutrition and death in CF, and given the potent anabolic effect of insulin, the nutritional impact of insulin deficiency may be of greater consequence in CF than the metabolic impact of hyperglycemia.
Microvascular Complications
Diabetes microvascular complications have been described in case reports and small series of CFRD patients, sometimes with significant morbidity such as blindness, glaucoma, hypertension and renal failure [38] [39] [40] . In Denmark, 36% of the patients with 1 10 years duration of diabetes were reported to have retinopathy [41] . In a larger series of 285 CFRD patients, none of the patients without fasting hyperglycemia (up to 14 years duration) had microvascular complications, and in those with fasting hyperglycemia, complications were rare before 10 years duration of disease [42] . However, of the 39 subjects who had CFRD with fasting hyperglycemia of 1 10 years duration, microalbuminuria was found in 14%, retinopathy in 16%, neuropathy in 55% and gastropathy in 50%. While the prevalence of diabetes microvascular complications appears to be lower in CFRD than in other forms of diabetes, it remains important to screen for these complications 5 years after the diagnosis of CFRD is made.
Macrovascular Complications
Atherosclerotic cardiovascular disease has never been reported in CF or CFRD, despite the fact that these patients are living longer. CF patients generally have low cholesterol concentrations, although isolated hypertriglyceridemia does occur, perhaps related to inflammation [43] .
Background Diagnosis and Treatment Considerations
Clinical Fea tures of CFRD
The median age at CFRD diagnosis is between 18 and 24 years, although it can present at any age [9, 11, 15 ] . It appears to present at a younger age in girls [2, 9, 11, 18, 28, 44] . CFRD develops insidiously and patients may be asymptomatic for years. Symptoms of CFRD are listed in table 3 . Diabetic ketoacidosis can occur at the time of initial presentation or during the clinical course of CFRD. Diabetic ketoacidosis is rare in CFRD children, most likely due to the persistence of endogenous insulin secretion or because glucagon secretion is also impaired [24, [44] [45] [46] [47] . A recent case report has also described cerebral edema in a patient with diabetic ketoacidosis and CFRD [48] . CFRD often first presents during situations where insulin sensitivity is reduced, presumably by unmasking the underlying ␤ -cell defect [11, 38, 49, 50] , such as with: acute pulmonary infection, chronic severe lung disease, glucocorticoid therapy, high-carbohydrate food supplementation (oral, intravenous or percutaneous gastrostomy tubes) and in association with immunosuppressive regimens following transplantation. The incidence of CFRD is higher in those with hepatic disease [30] .
Monitoring for CFRD
Two thirds of the patients with CFRD were asymptomatic and only one third had symptoms of polyuria or polydipsia at the time of diagnosis in a prospective Danish study of 191 patients [11] . Patients who develop overt symptoms of hyperglycemia on presentation have a relatively greater decline in pulmonary function and weight loss as compared with those identified on monitoring [5, 29, 31, 32] . Therefore it is important to identify patients by monitoring before the onset of symptoms. The following methods of CFRD monitoring have been considered: hemoglobin A 1c (HbA 1c ), random or fasting glucose concentrations, OGTT and continuous glucose monitoring (CGM).
HbA 1c as a Monitoring Tool
HbA 1c has been shown by several investigators to be unreliable in the diagnosis of CFRD [11, 28] . HbA 1c is often normal, regardless of the degree of hyperglycemia. In Denmark, only 16% of the CF patients had elevated HbA 1c values at the time of diagnosis of CFRD [11] . This is hypothesized but not proven to be related to increased red blood cell turnover related to inflammation in patients with CF.
Random and Fasting Blood Glucose Concentrations for CFRD M onitoring
While hyperglycemia is diagnostic for diabetes, normal fasting or random blood glucose concentrations do not exclude a diagnosis of diabetes in CF.
Oral Glucose Tolera nce Testin g The OGTT is the standard monitoring test for CFRD in much of Europe [11] , while in North America, measurement of fasting blood glucose concentration is more common [8] . Diabetes without fasting hyperglycemia can only be detected by OGTT. Nearly two thirds of the adults with a diagnosis of CFRD do not have fasting hyperglycemia [12, 47] . It is important to identify these individuals because they are at high risk for both significant lung function decline [5] and for progression to fasting hyperglycemia [14] and its associated complications.
Continuous Glucose Monitoring CGM has the potential to diagnose glucose tolerance abnormalities earlier than the OGTT, although to date the clinical significance of this remains to be determined [9] . CGM can highlight trends in glycemia not previously apparent to clinicians and patients, especially in the home environment, this option having been previously unavailable in children and adolescents with CF. CGM has now been validated for use in children and adolescents with CF [51] . Although currently an important research tool in assessment of glycemia in children and adolescents with CF, CGM may become more important in the management and annual monitoring for diabetes in the near future [9] . Table 3 . Clinical symptoms which may indicate the presence of CFRD [8] -Unexplained polyuria or polydipsia -Failure to gain or maintain weight despite nutritional intervention -Poor growth velocity -Delayed progression of puberty -Unexplained chronic decline in pulmonary function
Treatment of CFRD
Medical Nutritional Therapy
Malnutrition is well known to be associated with poor growth, pubertal delay, diminished lung function and early death in CF. CF consensus guidelines stress the importance of a high-calorie, high-fat diet [37, 52] . There is no evidence at present to suggest that these dietary recommendations should be reconsidered in CF patients who develop diabetes, since they do not appear to be at risk for development of macrovascular disease. Many CF patients rely on refined sugars as a source of calories, and restriction may impact on their nutritional status. It is important that those with CFRD learn to adjust their insulin dose to match their carbohydrate intake [37] . Table 4 compares the CFRD to conventional diabetes diets.
Insulin Therapy
At present insulin is the only recommended medical therapy for CFRD [8, 9] . Many different regimens are possible depending on individual patient needs. As in other forms of diabetes, effective basal-bolus therapy can be accomplished with an insulin pump, or with a combination of long-acting basal insulin and rapid-acting insulin to cover carbohydrates and correct hyperglycemia [53] . A recent study by Hardin et al. [54] reported 10 young adults with CFRD treated on insulin pump therapy and monitored prospectively for a 6-month period. All reported improvements in BMI and lung function and a reduction in total body catabolism. Previous studies have suggested that insulin therapy stabilizes lung function and improves nutritional status in patients with CFRD [29, 31, 32, 55] . There are no definitive results to date on the benefits of insulin therapy for CF children and adolescents with mildly impaired glucose tolerance [9] .
Oral Therapeutic Agents
Oral diabetes agents are currently not recommended in CFRD [8, 9] . A Cochrane review identified 20 references to 14 studies, but none were randomized controlled trials [56] . The insulin secretagogue repaglinide increased endogenous insulin concentrations but was less effective than rapid-acting insulin at regulating postprandial hyperglycemia in an experimental setting [57] . Concern has been expressed over the use of sulphonylureas in CFRD because of evidence that they bind to and inhibit CFTR, and as early experience suggested problems with hypoglycemia with these agents in CF. Agents that increase insulin sensitivity are unlikely to be effective as monotherapy in CFRD, since insulin insensitivity is not a major etiological factor. The gastrointestinal side effects of metformin such as nausea, diarrhea and abdominal discomfort are unacceptable to most patients with CF [58] . Thiazolidinediones have recently been associated with osteoporosis which limits the use of this drug in CF. There are no data on the use of incretins in CF, although those that decrease gastric emptying would not be expected to be good candidates for this population. Adherence in Children and Adolescents with CFRD Adherence is defined as an 'active, voluntary, collaborative involvement of the patient in a mutually acceptable course of behavior to produce a desired preventative or therapeutic result'. Poor adherence to medical advice and treatment in chronic illness is well documented, with reports of patient adherence rarely exceeding 80% and more often falling between 30 and 70% [59] . The extent to which people adhere to recommended treatments depends on the complexity and longevity of both the disease and its treatment. The treatment of CF presents a particularly difficult challenge for patients and their families because it involves a time-consuming, complex daily medical regimen [60] . A second diagnosis of CFRD adds significantly to the complexity of this medical regimen, as patients are now required to undertake regular home blood glucose monitoring and insulin injections daily.
Poor compliance and lack of adherence to treatment is frequent in patients with chronic illness. It is an important clinical problem that can lead to unnecessary hospitalizations, increased risk for illness-related complications and increased health care costs. Adherence is particularly problematic as children move into adolescence. There are a number of factors involved in this: a lack of developmentally appropriate information, misconceptions about treatment, struggles for control and independence, striving for normality, stressors in the home environment and anxiety [8] . Finally, the main aim for adolescents and adults with CF and diabetes is independent care for themselves, and this is what empowers the patient to manage dual chronic illnesses. Parent and family supports for those with the new diagnosis of CFRD are essential and must be incorporated into the management plan to ensure adequate home support is provided.
Inpatient Management of CFRD
During an acute illness, patients with CF are at high risk of developing hyperglycemia [8] . There are no specific studies of the benefits of maintaining euglycemia in hospitalized CF patients, but data from other populations have been extrapolated to suggest that intensive insulin therapy may be beneficial in this setting. Insulin requirements are often quite high during acute illness. CFRD patients who regularly receive insulin require far more, often up to 4 times their usual dose. It is important to remember that the insulin dose must be aggressively reduced as the patient improves. There are many CF patients whose blood glucose concentrations return to normal after the illness resolves, at which time insulin therapy can be discontinued [8] .
The primary purpose for establishing a diagnosis is to identify the expected outcome and to inform treatment decisions. The American Diabetes Association and WHO diabetes diagnostic criteria have changed over time to reflect new information regarding the correlation between the level of hyperglycemia and the risk of microvascular and macrovascular complications in T1D and T2D. Although these complications occur, they are of less concern in CFRD than the impact of diabetes on death from pulmonary disease and malnutrition. For IGT, there are not sufficient data at present to determine a 'cutoff' point or a particular degree of hyperglycemia and/or insulin deficiency which confers added risk.
Box 2: Key Points for Treatment and Monitoring of CFRD
• CFRD patients die from chronic, inflammatory lung disease, and thus treatment of the CF takes precedence and follows the usual recommendations for this population.
• As for all persons with CF, the energy requirements are at least 150% of normal; with a goal of about 40% fat, 20% protein and 40% carbohydrates. Typically these patients eat at least 3 meals and 3 snacks per day.
• Children and adolescents with IGT 1 and CFRD without fasting hyperglycaemia (CFRD-FH) 2 must be monitored closely for the evolution of frank CFRD.
• The pancreatic supplements are essential at each meal and snack.
• Modifications should be made according to the individual's needs.
• Self-care education programs promote independence and encourage patients to adjust diet and insulin doses themselves.
• Insulin is the only recommended treatment for CFRD.
• Insulin provides an anabolic effect as well as normoglycemia.
• The insulin regimen should be adjusted to match the diet rather than asking patients to change their diet to fit an insulin regimen. This generally requires carbohydrate counting and matching insulin to carbohydrate intake. • Insulin can be delivered by multiple daily injections or through insulin pump therapy.
• Checking with home blood glucose monitoring or CGM is important.
